Recent studies suggest that dual-frequency intravascular ultrasound (IVUS) transducers allow detection of superharmonic bubble signatures, enabling acoustic angiography for microvascular and molecular imaging. In this paper, a dual-frequency IVUS cylindrical array transducer was developed for real-time superharmonic imaging. A reduced form-factor lateral mode transmitter (2.25 MHz) was used to excite microbubbles effectively at 782 kPa with single-cycle excitation while still maintaining the small size and low profile (5 Fr) (3 Fr = 1 mm) for intravascular imaging applications. Superharmonic microbubble responses generated in simulated microvessels were captured by the high frequency receiver (30 MHz). The axial and lateral full-width half-maximum of microbubbles in a 200-lm-diameter cellulose tube were measured to be 162 lm and 1039 lm, respectively, with a contrast-to-noise ratio (CNR) of 16.6 dB. Compared to our previously reported single-element IVUS transducers, this IVUS array design achieves a higher CNR (16.6 dB vs 11 dB) and improved axial resolution (162 lm vs 616 lm). The results show that this dual-frequency IVUS array transducer with a lateral-mode transmitter can fulfill the native design requirement ($3-5 Fr) for acoustic angiography by generating nonlinear microbubble responses as well as detecting their superharmonic responses in a 5 Fr form factor.
Introduction
Vulnerable plaques that develop from atherosclerosis are a challenge to identify and treat, yet remain a leading cause of death [1] . Since the vasa vasorum, a network of microvasculature which supports large arteries (e.g. coronary artery) and can infiltrate vulnerable plaques, has been suggested as a biomarker of plaque vulnerability [2] , it has been hypothesized that the capability for imaging this microvascular network using ultrasound contrast agents (i.e. microbubbles) and contrast enhanced ultrasound might enable clinicians to distinguish vulnerable atherosclerotic plaques from stable ones [3] [4] [5] .
Studies have shown that low frequency ($1-5 MHz) acoustic waves excite microbubbles effectively since these low frequency waves are close to the resonance frequency of the microbubble contrast agents. On the other hand, high-frequency reception (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) can be used to collect the broadband superharmonic responses of microbubbles. This broadband response of excited microbubbles had encouraged various approaches for superharmonic imaging to detect microbubbles and separate their response from more bandlimited low frequency tissue background. Kruse et al. demonstrated that wideband microbubble response beyond 15 MHz was present with 2.25 MHz excitation utilizing confocally aligned commercial piston transducers [6] . Gessner et al. reported 3-D contrast imaging with a mechanically scanned 2.5 MHz/30 MHz transducer [7] . Lindsey et al. showed the balance of CTR and resolution as a function of transmit/receive frequencies and pressure, while transmit at lower frequency (1.5 MHz vs 3.5 MHz) yields a higher CTR (22 dB vs 18 dB) under same pressure (1 MPa) and at same receive frequency (15 MHz) [8] . Wang et al. reported preliminary superharmonic imaging results with an array transmitter (2.25 MHz) and commercial piston receivers (15 MHz, 20 MHz and 25 MHz) [9] . Kim et al. presented phantom evaluation of a 2 MHz/14 MHz 1-3 composite transducer [10] . Li et al. showed the superharmonic imaging of a 3 MHz/18 MHz co-linear array [11] .
The application of superharmonic imaging with a high frequency receiver (beyond second harmonic), implemented in 3-D is termed acoustic angiography [12, 13] . This approach can yield a high contrast-to-tissue ratio (CTR) (>10 dB) and high resolution (on the order of 100 lm), to provide visualization of contrast http://dx.doi.org/10.1016/j.ultras.2017.09.012 0041-624X/Ó 2017 Elsevier B.V. All rights reserved.
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Contents lists available at ScienceDirect Ultrasonics j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / u l t r a s flowing in microvessels, i.e., volumetric microvascular images with little or no tissue background, which can resemble X-ray or computed tomography (CT) angiography [14] . However, this approach requires an extremely wideband system to cover a frequency range over an order of magnitude, and is thus is best implemented by dual-frequency transducers [15] .
Acoustic angiography transducer technology has been successfully translated into intravascular ultrasound (IVUS) devices, where the catheter size must be limited to allow navigation within peripheral and coronary vessels. Ma et al. reported a singleelement dual-frequency rotational intravascular ultrasound transducer (6.5 MHz/30 MHz) for superharmonic imaging [16] . Wang et al. continued this work to achieve a lower center-frequency transmitter in a single-element, dual-frequency rotational IVUS transducer (2.25 MHz/30 MHz) using a reduced form factor lateral mode transmitter [17] . Lowering the frequency on transmission increased contrast-to-noise ratio (CNR) (13 dB vs 11 dB), and reduced pulse lengths (0.1 ls vs 0.8 ls) compared to using a non-optimal transmission center frequency. These advances have demonstrated encouraging progress on the ability to perform acoustic angiography from an intravascular form factor, however, rotational dual element devices involve challenges of multi-wire slip rings and other technical difficulties associated with the moving device. Thus, our intent has been to move towards dualfrequency array transducers for superharmonic intravascular imaging.
IVUS array transducers have several desirable features over single-element IVUS transducers. For one, array catheters are stationary, which eliminates non-uniform rotational displacements (NURDs) that can be generated when rotational transducers are revolved slightly off-axis [18] [19] [20] . Arrays also use beamforming during transmission and reception-a feature that optimizes image quality, to obtain higher frame rates and decreased point spread functions [21] . Despite their many advantages, compared to the conventional, single-frequency IVUS arrays, dual-frequency superharmonic IVUS arrays present several challenges in both design and fabrication that need to be addressed to determine their feasibility for IVUS. The additional low-frequency transmission element of the dual-frequency superharmonic IVUS arrays conflicts with the catheter size, which must be small (<6 Fr) (3 Fr = 1 mm) for intravascular ultrasound to be utilized in coronary arteries [22] . Lateral mode transmitter, with a compact size and high output efficiency, is thus an attractive option for developing small-size dualfrequency IVUS arrays for superharmonic imaging [23] .
In this work, we report a dual-frequency IVUS array with a lateral mode low frequency transmitter (2.25 MHz) for acoustic angiography. The purpose of this study is to assess the feasibility of this design for real-time superharmonic imaging. In order to excite microbubbles effectively while still maintaining a small size requirement, a lateral mode transmitter with a center frequency of 2.25 MHz was selected. The center frequency of the high-frequency receiver was chosen to be 30 MHz to obtain higher resolution for both B-mode and contrast-specific dual-frequency imaging. This dual-frequency IVUS array was designed, fabricated and characterized, followed by evaluation via real-time superharmonic imaging using the Verasonics system.
Methods

IVUS array design and fabrication
The dual-frequency IVUS array consists of 8 low-frequency lateral mode transmission sub-elements (2.25 MHz) and 32 highfrequency receiving elements (30 MHz), with an acoustic isolation layer built in-between two active layers. The dual-frequency IVUS array was built onto a 20-gauge (0.9-mm-diameter) stainless steel tube with a total outer diameter of 1.7 mm (5 Fr) (Fig. 1) . The size of this prototyped IVUS array is slightly larger than a singlefrequency Volcano Eagle Eye Ò IVUS array ($3.5 Fr).
(PMN-PT) single crystal was selected as the piezoelectric material for both the low-frequency transmitter and the high-frequency receiver, due to its high coupling coefficients (k t = 0.62, k 31 = 0.51), high dielectric constant (e r = 8266) and low transverse frequency coefficient (N 31 = 721) [23] . The dimensions of the low-frequency element are 6 mm Â 0.35 mm Â 0.30 mm in order to achieve a lateral mode transmission at 2.25 MHz (determined by the element width), with a pitch of 650 lm, which is smaller than one wavelength at 2.25 MHz (680 lm). The high-frequency element was designed with dimensions of 1 mm Â 0.13 mm Â 0.06 mm to obtain a center frequency of 30 MHz (thickness mode). The pitch of high-frequency elements was designed to be 160 lm, which is larger than three wavelengths at 30 MHz (51 lm). This pitch size is a compromise of the desired aspect ratio (>2) and crystal volume fraction (80%) based on our fabrication capability. A polyimide (PI) film-based, single-layer flexible printed circuit (FPC) with a thickness of 12.5 lm (TechEtch, Plymouth, MA), used for both electrical connectivity and acoustic isolation, was placed between the two piezoelectric layers. The thickness of the isolation layer, the material selection, and the pulse-echo responses of high-frequency elements, were designed and simulated using the Krinholtz, Leedom, and Matthaei (KLM) transmission line model [24] . For the low-frequency lateral mode transmitter, the electric impedance spectrum was simulated using COMSOL (COMSOL, Inc., Burlington, MA). This IVUS array has similar design parameters as previously reported flat arrays, and the detailed method of designing the transducer can be found elsewhere [23, 25] . Primary design parameters are listed in Table 1 .
Array fabrication
A PMN-PT single crystal chip (1 mm Â 5.2 mm Â 0.3 mm) and a PMN-PT single crystal sheet (6 mm Â 5.2 mm Â 0.3 mm) with Cr/ Au electrodes on both top and bottom surfaces were prepared first. The PMN-PT single crystal sheet was then diced with a pitch of 650 lm and a kerf of 300 lm to form the 8 low-frequency elements.
The high-frequency elements were first sub-diced to a depth of 100 lm from one side, with a 160 lm pitch and a 30 lm kerf. After sub-dicing, the chip was aligned with the customized flexible printed circuit and bonded with Epo-tek 301 (Epoxy Technology Inc, Billerica, MA). Extra Epo-tek 301 was poured around the chip to cover the area of 3 mm Â 5 mm to be the matching layer of the low-frequency transmitter. The integrated two layers were lapped to 65 lm after curing. Then, the top electrode (100 Å Ti, Fig. 1 . Structure of the dual-frequency IVUS array (not in scale).
1000 Å Au) of the high-frequency element was deposited using an electron beam evaporation process. The high-frequency array was then bonded onto the lowfrequency transmitter with Epo-tek 301. The dual-frequency IVUS array was wrapped onto a 20-gauge tube (Fig. 2) by applying additional sub-dices into the high-frequency elements. Common grounds of both the high-frequency receiver and low-frequency transmitter were connected with coaxial cables (#40232, Hitachi cable, Manchester, NH) and silver epoxy (8331-14 G, M.G. Chemicals, Surrey, B.C., Canada).
The other end of the FPC was bonded to a 50-pin, 0.5 mm pitch printed circuit board (PCB). Three coaxial cables (MCX 40232, Hitachi Cable America Inc., Purchase, NY) were used to connect the electrodes to the PCB. A Parylene C layer with a thickness of 20 lm was coated using the SCS Labcoter Ò 2 vacuum deposition system (PDS 2010, Specialty Coating Systems, Inc., Indianapolis, IN) to serve as both the passivation and matching layer for the high-frequency elements. Finally, the PCB was connected to the Verasonics (Verasonics, Redmond, VA) system through a 2-meter multi-core coaxial cable.
IVUS array characterization
The IVUS array was characterized by measuring the complex electrical impedances of both high-frequency and low-frequency elements, any pulse-echo responses or crosstalk from the highfrequency elements, and the acoustic pressure of the lowfrequency transmitter.
The electrical impedance and phase were measured with an impedance analyzer (Agilent 4294 A, Agilent Technologies Inc, Santa Clara, CA). The center frequency and fractional bandwidth of the high-frequency elements were derived from the pulseecho measurement, which was obtained in a water tank using a pulser/receiver (5900 PR, Olympus Corp, Waltham, MA) and an oscilloscope (Agilent DSO7014 B, Agilent Technologies Inc, Santa Clara, CA). During the pulse-echo test, the energy of the applied pulse was set to 1 lJ. An aluminum bar (50 mm Â 30 mm Â 5 mm) was placed in front of the high-frequency element as the reflection target at a distance of 2 mm away from the aperture. The crosstalk was measured by exciting each high-frequency element with a 2-cycle sinusoidal burst generated by an arbitrary function generator (AFG3101, Tektronix Inc., Beaverton, OR) at the element's resonance with an amplitude of 10 V pp . The response of adjacent elements was measured and compared to the excitation voltage.
The acoustic pressure measurement of the low-frequency transmitter was conducted with a hydrophone (HNA-0400, ONDA Co, Sunnyvale, CA). A 1-cycle sinusoidal burst at 2.7 MHz was generated by an arbitrary function generator (AFG3101, Tektronix Inc., Beaverton, OR) and amplified to 70 V with a radio-frequency amplifier (Model 3200 L, Electronic Navigation Industries Inc., Rochester, NY). Pressure output of the low-frequency transducer at 8 mm from the aperture was recorded using an in-house Lab-VIEW (National Instruments Co., Austin, TX) data acquisition system.
Real-time superharmonic imaging of IVUS array
The real-time superharmonic imaging of the dual-frequency IVUS array was evaluated in a water tank (filled with room temperature degassed water) using a Verasonics system (Verasonics Vantage, Redmond, WA) to drive the transducer (Fig. 3) . Contrast tests were conducted using in-house poly-dispersed (1-5 lm diameter) lipid-coated microbubbles [26] at diluted concentrations (1 Â 10 8 MBs/mL). Microbubbles were pumped through a cellulose microtube with a 200 lm diameter made of acoustically transparent material. The flow rate was set to be 10 mL/hr (8.8 cm/s).
The Verasonics sampling frequency (quadruple of the base frequency) was set to be 62.5 MHz (15.6 MHz as base frequency). The superharmonic images were rendered using a proprietary Verasonics curved linear beamforming algorithm and a built-in bandpass filter (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Because of the convex shape and large pitch of the high-frequency elements, this IVUS array would be susceptible to grating lobes. To avoid this, the maximum number of receiver elements in each acquisition was set to 5 during superharmonic imaging with this dual-frequency IVUS array. This reduced receiving aperture size (0.8 mm) established a smaller signal acquisition field and a more limited steering angle, which suppressed the grating lobe artifact. On the other hand, reducing the size of the receiving aperture also decreased the lateral resolution as well. A constant f-number on the receiver was set to be 1.26.
The Verasonics curved linear beamforming algorithm supports forming an image with up to 180-degrees for real-time imaging. The 360-degree scan was obtained in offline processing by reconstructing two 180-degree data sets, with each of them averaged 
A 1-cycle burst plane wave generated from the low-frequency transmitter excited the microbubble contrast agents in the micro-tube (5 mm away from the transducer). Then, higherorder, non-linear microbubble responses were collected with the high-frequency elements. The superharmonic backscatter from the microbubbles was digitized and reconstructed with a dynamic receive focusing of filtered signals. Due to the output limitation of the Verasonics system at the low frequency (maximum 55 V at 2.25 MHz), the excitation frequency increased slightly to 2.7 MHz under the excitation voltage of 70 V and achieved 782 kPa peak negative pressure.
Experimental results
IVUS array characterization
The resonance frequencies of both the high-frequency receiving elements and the low-frequency transmitter were characterized first. The measured electrical impedance spectrums of the high and low-frequency elements are shown in Fig. 4a and b , respectively. The resonance of high frequency elements is around 30 MHz, and that of the low-frequency transmitter is around 2.5 MHz. Both measurements correspond with our design.
Both the pulse-echo response of receiving elements and the acoustic pressure of the transmitter were tested to evaluate the performance of the dual-frequency IVUS array. The pulse-echo result of a typical high-frequency element show a center frequency of 29.6 MHz with a bandwidth of 18% (Fig. 5) . The crosstalk of adjacent high-frequency elements is -29.7 dB. The peak negative pressure of the low-frequency transmitter, placed at 8 mm axially from the transducer surface, under 1-cycle of a 70 V excitation at 2.7 MHz, is 782 kPa (Fig. 6 ). This is high enough to excite the microbubbles for superharmonic imaging purposes. 
Superharmonic imaging
By reconstructing two 180-degree data sets offline, the superharmonic images of a 200 lm micro-tube with the dualfrequency IVUS array were obtained (Fig. 7) . The axial and lateral estimates of the image resolution were calculated to be 162 lm and 1039 lm, respectively, by measuring the full-width halfmaximum (FWHM) of the microbubble responses (Fig. 8) . As expected, the lateral resolution of this IVUS array transducer is poor (1039 lm vs 200 lm) compared to the previously reported flat dual-frequency array [23] due to a much smaller aperture size (0.8 mm vs 5 mm). The CNR of the superharmonic image is 16.6 dB.
Compared to our initial 6.5 MHz/30 MHz single-element IVUS transducer design [16] , this dual-frequency IVUS array transducer with a lateral mode transmitter (2.25 MHz/30 MHz) has better CNR (16.6 dB vs 11 dB) and higher axial resolution (162 lm vs 616 lm). It also requires a lower input voltage (70 V vs 98 V) and a shorter transmission pulse (1-cycle vs 5-cycle). This result also shows a higher CNR (16.6 dB vs 13 dB) compared to that of the single-element lateral mode dual-frequency IVUS reported in [17] , by taking advantage of the dynamic focusing of the array receiver and higher peak negative pressure (782 kPa vs 575 kPa) from the array transmitter.
Discussion
It must be noted that the calculated FWHM was not the observed resolution of the IVUS array. The FWHM is based on microbubble responses in a micro-tube, which has a significant size difference compared to the wavelength of the receiver (200 lm vs 51 lm). The limitations of the Verasonics system in both range of frequency (<31.25 MHz) and scan angle (<180 degree) limited the performance of the imaging system.
Additionally, due to the relatively large pitch size of the highfrequency elements (160 lm vs 51 lm), the maximum number of elements in each acquisition was set to 5 to eliminate the grating lobe artifact, which decreased the lateral resolution greatly (1039 lm). The pitch size of the high-frequency elements cannot be optimized with the current thickness mode receiver design, which requires an aspect ratio greater than 2. Moreover, based on our fabrication capability, a coated Parylene layer was used as the matching layer of the high-frequency elements. The acoustic impedance of Parylene (2.6 MRayl) made it less than an ideal matching material for the PMN-PT single crystal (32 MRayl), and thus the performance of high-frequency receiver in both bandwidth and sensitivity was impacted. The performance could be improved with a better matching material ($7 MRayl), or a dual matching layer design, or an alternate piezoelectric material with lower acoustic impedance (e.g. 1-3 composite material) ($18 MRayl).
In future work, the pitch size of the high-frequency elements (30 MHz) may be improved (<50 lm) by implementing a finer flexible circuit and a high-frequency 1-3 composite material working in 3-3 mode. The 1-3 composite material also have favorable merits including high electromechanical coupling coefficients ($0.9) for broad bandwidth (>70%) and low acoustic impedance ($18 MRayl) for better acoustic matching, which would result in a better imaging quality. Furthermore, a better imaging platform with a broader bandwidth (up to 60 MHz) and an advanced beamforming algorithm should be developed to achieve better real-time 360-degree superharmonic imaging for IVUS application.
Conclusion
In this paper, the design, fabrication, characterization and phantom-imaging of a dual-frequency PMN-PT IVUS array (2.25 MHz/30 MHz) with a lateral mode transmitter were presented and followed by superharmonic imaging. This IVUS array transducer is small enough (5 Fr) to use in IVUS catheter sizes that are typically used for coronary interventions ($3-5 Fr). Dualfrequency array transducers are challenging to fabricate in form factors applicable for intravascular imaging and thus studies for their unique applications are limited. To our knowledge, this is the first 360-degree dual-frequency superharmonic IVUS array reported. Under a 70 V 1-cycle burst excitation, superharmonic imaging with the prototype dual-frequency IVUS array was obtained, with offline reconstruction, using the Verasonics system. The axial and lateral FWHM of the micro-tube were measured to be 162 lm and 1039 lm, respectively. The CNR was calculated as 16.6 dB. This IVUS array transducer shows improved imaging metrics results compared to our initial single-element IVUS transducer design (CNR: 16.6 dB vs 11 dB, axial resolution: 162 lm vs 616 lm). These results suggest promising results for the future expansion of this technology for use outside of the lab.
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